The optimal conditions including the aeration rate and agitation speed of bioreactors for the production of carboxymethylcellulase (CMCase) by a recombinant Escherichia coli KACC 91335P, expressing CMCase gene of B. velezensis A-68, were different from those for its cell growth. The enhanced production of CMCase by E. coli KACC 91335P with the conventional multistage process needs at least two bioreactors. Shifts in the optimal conditions of the aeration rate and agitation speed of the bioreactor from the cell growth of E. coli KACC 91335P to those for its production of CMCase were investigated for development of the simple and economic process with the high productivity and low cost. The production of CMCase by E. coli KACC 91335P with shifts in the optimal conditions of the aeration rate and agitation speed from the cell growth to its production of CMCase in a 100 L pilot-scale bioreactor was 1.36 times higher than that with a fixed optimal conditions of the aeration rate and agitation speed for the production of CMCase and it was even 1.54 times higher than that with a fixed optimal conditions of the aeration rate and agitation speed for cell growth. The best time for the shift in the optimal conditions was found to be the mid-log phase of cell growth. Owing to the mixed-growth-associated production of CMCase by E. coli KACC 91335P, shifts in the optimal conditions of the aeration rate and agitation speed of bioreactors from the cell growth to its production of CMCase seemed to result in relatively more cells for the participation in its production of CMCase, which in turn enhanced its production of CMCase. The process with a simple control for shifts in the aeration rate and agitation speed of a bioreactor for the enhanced production of CMCase by E. coli KACC 91335P on the pilot-scale can be directly applied to the industrial-scaled production of cellulase.
Production of CMCase by E. coli KACC 91335P
Starter cultures were prepared by transferring cells of E. coli KACC 91335P from agar slants to 120 mL of medium in 500 mL Erlenmeyer flasks [16] . They were incubated at 37 • C for 48 h in the shaking incubator for the maintenance of aerobic conditions. Each resulting culture was used for an inoculum to produce CMCase by E. coli KACC 91335P. The production of CMCase by E. coli KACC 91335P were carried in 7 L bioreactors and 100 L pilot-scale bioreactors (Ko-Biotech Co., Inchen, Korea) [16] . The type of 7 and 100 L bioreactors used in this study was the typical stirred tank fermenter. The type of impellers equipped with bioreactors was the disc-mounted flat-blade turbine. Three six-blade impellers were equipped with each bioreactor. The working volumes of the 7 L and 100 L bioreactors were 3.5 L and 70 L, respectively. The inoculum size and temperature of the batch fermentations were 5% (v/v) and 37 • C. The inner pressure of a 100 L pilot-scale bioreactor for batch fermentations was maintained at 0.02 MPa.
Analytical Methods
The cells in the culture broth were collected by centrifugation at 6000 rpm for 15 min (Fisher Scientific accuSpin 3R Tabletop Centrifuge, Minneapolis, MN, USA). The dry cells weight (DCW, w/v) in the culture broth was determined by weighing the cells after drying at 100-105 • C to a constant weight [18] . The activity of the CMCase was measured in a reaction mixture, which contained 1.0% (w/v) carboxymethycellulose (CMC) and 0.05 mol/L sodium citrate buffer (pH 5.0). The reaction mixture was added into the appropriately diluted cultural broth after removing cells. After incubation at 50 • C for 20 min, the reaction was stopped by the addition of 3,5-dinitrosalicylic acid (DNS) solution. The treated reaction mixtures were boiled for 10 min and cooled in tap water for color stabilization. Their optical densities were measured at 550 nm [19] . A calibration curve was prepared with an authentic glucose (Sigma-Aldrich, Dorset, UK) [1] .
The specific growth rate of cell (µ g ) during the log phase of E. coli KACC 91335P and the specific production rate (q p ) of CMCase were calculated using the following Equations (1) and (2) , where X is cell mass concentration (g/L), t is time (h) and P is the concentration of the produced CMCase (U/mL) [20] :
q p = (1/P) × (dP/dt) (2)
Statistical Analysis
The differences between the experimental data from the effects of shifts in the optimal conditions of the aeration rate and/or agitation speed on cell growth and its production of CMCase were analyzed using Duncan's new multiple-range test. The samples of each run were at least triplicated. The significance level of 0.05 in the statistical analyses corresponds to 95% confidence level in a one-way analysis of variance (ANOVA) [21] .
Results and Discussion

Effects of Shift in Aeration Rate on Production of CMCase
The effects of the shift in the aeration rate of bioreactors on the cell growth of E. coli KACC 91335P and its production of CMCase were examined in 7 L bioreactors. The optimal aeration rate of a 7 L bioreactor for the cell growth of E. coli KACC 91335P was 0.50 vvm, whereas that for the production of CMCase was 0.95 vvm [17] . The optimal conditions of the aeration rate and agitation speed of the 7 L bioreactor for the cell growth of E. coli KACCP 91335P and its production of CMCase were optimized using the response surface methodology based on the cell growth measured as DCW and produced CMCase [17] . Carbon source was 132.3 g/L rice bran and nitrogen source for the production of CMCase was 4.68 g/L ammonium chloride, which had been optimized in a previous study [16] . The aeration rates of the 7 L bioreactors for experiments were (1) constant at 0.50 vvm, (2) a shift in the aeration rate from 0.50 to 0.95 vvm at 24 h, (3) a shift in the aeration rate from 0.50 to 0.95 vvm at 36 h, (4) a shift in the aeration rate from 0.50 to 0.95 vvm at 48 h and (5) constant at 0.95 vvm. The agitation speed of 7 L bioreactors was fixed at 416 rpm, which was the optimal aeration rate for the production of CMCase by E. coli KACC 91335P [16] . As shown in Figure 1 , the maximal cell growth was obtained at a constant aeration rate of 0.50 vvm, whereas the highest production of CMCase was obtained with the shift in the aeration rate from 0.50 to 0.95 rpm at 36 h, at which the production of CMCase was 891.4 U/mL.
The cell growth of microorganisms in a batch culture can be divided into four or five different phases-lag phase, log phase, stationary phase, deceleration phase and death phase [22] . Based on the cell growth of E. coli KACC 91335P, the times at 24, 36 and 48 h can be considered the early, mid-and late-log phase of the microbial cells growth [23] . The shift in the optimal agitation speed from the cell growth to its production of CMCase at the mid-log phase of cell growth resulted in a relatively higher cell growth of E. coli KACC 91335P to participate in the production of CMCase, which in turn enhanced the production of CMCase [24] . The shift in the optimal aeration rate from the cell growth of E. coli KACC 91335P to its production of CMCase at the mid-log phase of cell growth also resulted in a relatively higher cell growth of E. coli KACC 91335P, which in turn enhanced the production of CMCase. The production of CMCase with a shift in the optimal aeration rate from the cell growth of E. coli KACC 91335P to its production of CMCase at the mid-log phase of cell growth was 1.09 times higher than that with a fixed optimal aeration rate for the production of CMCase and even 1.40 times higher than that with a fixed optimal aeration rate for cell growth.
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Effects of Shift in Agitation Speed on Production of CMCase
The effects of the shift in the agitation speed of bioreactors on the cell growth of E. coli KACC 91335P and its production of CMCase were also examined in 7 L bioreactors. The optimal agitation speed of a 7 L bioreactor for the cell growth of E. coli KACC 91335P was 500 rpm, whereas that for the production of CMCase was 416 rpm [17] . The agitation speeds of the 7 L bioreactors for experiments were 1) constant at 500 rpm, 2) a shift in the agitation speed from 500 to 416 rpm at 24 h, 3) a shift in the agitation speed from 500 to 416 rpm at 36 h, 4) a shift in the agitation speed from 500 to 416 rpm at 48 h and 5) constant at 416 rpm. The aeration rate of the 7 L bioreactors was fixed at 0.95 vvm, which was the optimal aeration rate for the production of CMCase by E. coli KACC 91335P , shift in aeration rate from 0.50 to 0.95 vvm at 36 h; , shift in aeration rate from 0.50 to 0.95 vvm at 48 h; and , constant at 0.95 vvm).
The effects of the shift in the agitation speed of bioreactors on the cell growth of E. coli KACC 91335P and its production of CMCase were also examined in 7 L bioreactors. The optimal agitation speed of a 7 L bioreactor for the cell growth of E. coli KACC 91335P was 500 rpm, whereas that for the production of CMCase was 416 rpm [17] . The agitation speeds of the 7 L bioreactors for experiments were (1) constant at 500 rpm, (2) a shift in the agitation speed from 500 to 416 rpm at 24 h, (3) a shift in the agitation speed from 500 to 416 rpm at 36 h, (4) a shift in the agitation speed from 500 to 416 rpm at 48 h and (5) constant at 416 rpm. The aeration rate of the 7 L bioreactors was fixed at 0.95 vvm, which was the optimal aeration rate for the production of CMCase by E. coli KACC 91335P [16] . As shown in Figure 2 , the maximal cell growth of E. coli KACC 91335P was obtained at a constant agitation speed of 500 rpm, whereas the highest production of CMCase was obtained with a shift in the agitation speed from 500 to 416 rpm after 36 h, at which the production of CMCase was 874.3 U/mL. Appl. Sci. 2019, 9, x 5 of 13 [16] . As shown in Figure 2 , the maximal cell growth of E. coli KACC 91335P was obtained at a constant agitation speed of 500 rpm, whereas the highest production of CMCase was obtained with a shift in the agitation speed from 500 to 416 rpm after 36 h, at which the production of CMCase was 874.3 U/mL. Dry cells weight (g/L) 
Effects of Shifts in Aeration Rate and Agitation Speed on Production of CMCase
The effects of shifts in the aeration rate and agitation speed on the cell growth of E. coli KACC 91335P and its production of CMCase were examined in 7 L bioreactors. The aeration rate and agitation speed of the 7 L bioreactors for experiments were 1) constant at 0.50 vvm and 500 rpm, 2) shifted in the aeration rate from 0.50 to 0.95 vvm and the agitation speed from 500 to 416 rpm at 24 h, 3) shifted in the aeration rate from 0.50 to 0.95 vvm and the agitation speed from 500 to 416 rpm at 36 h, 4) shifted in the aeration rate from 0.50 to 0.95 vvm and the agitation speed from 500 to 416 rpm at 48 h and 5) constant at 0.95 vvm and 416 rpm. As shown in Figure 3 , the maximal cell growth was obtained at the aeration rate of 0.50 vvm and the agitation speed of 500 rpm, which were known as the optimal conditions for the cell growth of E. coli KACC 91335P. However, the highest production of CMCase was obtained with shifts in the aeration rate from 0.50 to 0.95 vvm and the agitation speed from 500 to 416 rpm at 36 h, the mid-log phase of cell growth, which the production of CMCase was 953.2 U/mL. The production of CMCase with shifts in the optimal conditions of the agitation speed and aeration rate from the cell growth of E. coli KACC 91335P to its production of CMCase at the mid-log phase of cell growth was 1.21 times higher than that with the fixed optimal agitation speed and aeration rate for the production of CMCase. As shown in Table 1 , the cell growth of E. coli KACC 91335P with shifts in the optimal conditions of the aeration rate and agitation speed at 36 h was also 1.21 times higher than that with the optimal conditions of the aeration rate and agitation speed for the production of CMCase.
The production pattern of microbial metabolites can be divided in growth-associated, mixed-growth-associated and non-growth-associated [20] . The formation of mixed-growth-associated products takes place during the log and early stationary phase. In this case, the specific production rate (qp) with the specific growth rate (μg) is given by the following Equation (3): 
The effects of shifts in the aeration rate and agitation speed on the cell growth of E. coli KACC 91335P and its production of CMCase were examined in 7 L bioreactors. The aeration rate and agitation speed of the 7 L bioreactors for experiments were (1) constant at 0.50 vvm and 500 rpm, (2) shifted in the aeration rate from 0.50 to 0.95 vvm and the agitation speed from 500 to 416 rpm at 24 h, (3) shifted in the aeration rate from 0.50 to 0.95 vvm and the agitation speed from 500 to 416 rpm at 36 h, (4) shifted in the aeration rate from 0.50 to 0.95 vvm and the agitation speed from 500 to 416 rpm at 48 h and (5) constant at 0.95 vvm and 416 rpm. As shown in Figure 3 , the maximal cell growth was obtained at the aeration rate of 0.50 vvm and the agitation speed of 500 rpm, which were known as the optimal conditions for the cell growth of E. coli KACC 91335P. However, the highest production of CMCase was obtained with shifts in the aeration rate from 0.50 to 0.95 vvm and the agitation speed from 500 to 416 rpm at 36 h, the mid-log phase of cell growth, which the production of CMCase was 953.2 U/mL. The production of CMCase with shifts in the optimal conditions of the agitation speed and aeration rate from the cell growth of E. coli KACC 91335P to its production of CMCase at the mid-log phase of cell growth was 1.21 times higher than that with the fixed optimal agitation speed and aeration rate for the production of CMCase. As shown in Table 1 , the cell growth of E. coli KACC 91335P with shifts in the optimal conditions of the aeration rate and agitation speed at 36 h was also 1.21 times higher than that with the optimal conditions of the aeration rate and agitation speed for the production of CMCase.
The production pattern of microbial metabolites can be divided in growth-associated, mixed-growth-associated and non-growth-associated [20] . The formation of mixed-growth-associated products takes place during the log and early stationary phase. In this case, the specific production rate (q p ) with the specific growth rate (µ g ) is given by the following Equation (3): Dry cells weight (g/L) The production of CMCase by E. coli KACC 91335P begins with cell growth and continues to the early stationary phase. This is the typical pattern for the mixed-growth-associated production. The shifts in the optimal conditions from the cell growth to those for its production of CMCase after the mid-log phase seemed to result in relatively higher cell growth, which sequentially enhanced the production of CMCase by E. coli KACC 91335P. The CMCase produced by B. velezensis A-53 was a growth-associated product, whereas that by its recombinant, E. coli KACC 91335P, was a mixed-growth associated product [25] . Owing to the difference between the optimal conditions for the cell growth of E. coli KACC 91335P and its production of CMCase, higher cell growth under optimal conditions for cell growth resulted in a lower production of CMCase. However, the production of CMCase by E. coli KACC 91335P with shifts in the optimal conditions of pH and/or temperature from cell growth to its production of CMCase was 1.27 times higher than that with the fixed optimal conditions of pH and/or temperature for the production of CMCase [15] . The production of CMCase by E. coli KACC 91335P begins with cell growth and continues to the early stationary phase. This is the typical pattern for the mixed-growth-associated production. The shifts in the optimal conditions from the cell growth to those for its production of CMCase after the mid-log phase seemed to result in relatively higher cell growth, which sequentially enhanced the production of CMCase by E. coli KACC 91335P. The CMCase produced by B. velezensis A-53 was a growth-associated product, whereas that by its recombinant, E. coli KACC 91335P, was a mixed-growth associated product [25] . Owing to the difference between the optimal conditions for the cell growth of E. coli KACC 91335P and its production of CMCase, higher cell growth under optimal conditions for cell growth resulted in a lower production of CMCase. However, the production of CMCase by E. coli KACC 91335P with shifts in the optimal conditions of pH and/or temperature from cell growth to its production of CMCase was 1.27 times higher than that with the fixed optimal conditions of pH and/or temperature for the production of CMCase [15] .
Correlation Between Cells Growth and Its Production of CMCase
The correlation between the dry cells weights during the cell growth of E. coli KACC 91335P and its production of CMCase was analyzed using SigmaPlot (Systat Software Inc., San Jose, CA, USA) for Windows Version 10.0. A quadratic regression analysis of data obtained from experiments without shifts in optimal conditions of the aeration rate and/or agitation speed gave the second-order polynomial Equation (4), which represented the correlation between the cell growth (X) and its production of CMCase (Y) as shown in Figure 4a .
The multiple correlation coefficient (R 2 ) of above regression equation was 0.9751, which can explain the 97.51% variation in the response. Its value of the adjusted coefficient of determination (Adj. R 2 = 0.9442) was relatively high to advocate for this model's significance [26] . This model with the multiple correlation and adjusted coefficients indicated that the above equation was adequate for predicting the production of CMCase by E. coli KACC 91335P without shifts in optimal conditions of the agitation speed and/or aeration rate. Based on the regression equation of these experimental data, the optimal conditions of the aeration rate and agitation speed for the cell growth of E. coli KACC 91335P were proven to be different from those for its production of CMCase. A higher cell growth of E. coli KACC 91335P resulted in a lower production of CMCase.
However, the quadratic regression analyses of the correlation between the cell growth and its production of CMCase with shifts in optimal conditions of the aeration rate and/or agitation speed were different from those without shifts in optimal conditions of the aeration rate and/or agitation speed. The higher cell growth with shifts in the aeration rate and/or agitation speed resulted in the enhanced production of CMCase by E. coli KACC 91335P, as shown in Figure 4b-d . The multiple correlation coefficients (R 2 ) obtained from the experimental data with shifts in optimal conditions of the aeration rate and/or agitation speed at 24, 36 and 48 h were 0.7753, 0.9376 and 0.8820, respectively. The second-order polynomial Equation (5) from the correlation between the cell growth (X) and its production of CMCase (Y) with shifts in optimal conditions of the aeration rate and/or agitation speed at 36 h was as follows: Y = −2780.4 + 1305.9X − 113.4X 2 (5) The CMCase produced by a wild type, B. velezensis A-68, was a growth-associated product, whereas that by its recombinant, E. coli KACC 91335P, was a mixed-growth-associated product [7, 16] . The production of CMCase by E. coli KACC 91335P was partially correlated with its cell growth. Owing to the mixed-growth-associated production of CMCase by E. coli KACC 91335P, shifts in the optimal conditions of the aeration rate and/or agitation speed from the cell growth to its production of CMCase at the mid-log phase of cell growth resulted in relatively higher cell growth, which in turn enhanced the production of CMCase. Appl. Sci. 2019, 9, x 8 of 13
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Production of CMCase with Shifts in Aeration Rate and Agitation Speed of Pilot-Scale Bioreactor
The optimal agitation speed of a 100 L pilot-scale bioreactor was calculated based on the optimal agitation speed of the 7 L bioreactor and the difference between diameters of impellers in 7 and 100 L bioreactors. The diameters of impellers with the same type in 7 and 100 L bioreactor were 6.0 and 16.6 cm. The impeller tip speed was an essential parameter when the agitating liquid contained solid particles [27] . The impeller tip speed at the agitation speeds of 416 and 500 rpm of a 7 L bioreactor were calculated to be 130.7 and 150.1 cm/s, respectively, which were almost the same as those at 150 and 180 rpm of a 100 L bioreactor. The optimal conditions of the aeration rates and agitation speeds of a 100 L bioreactor for the cell growth of E. coli KACC 91335P were decided to be 0.50 vvm and 180 rpm, respectively, whereas those for its production of CMCase were 0.95 vvm and 150 rpm. As shown in Figure 5a ,b, the cell growth of E. coli KACC 91335P and its production of CMCase for 96 h with a fixed optimal conditions of the aeration rate and agitation speed were 5.58 g/L and 784.2 U/mL, respectively, whereas those with a fixed optimal conditions of the aeration rate and agitation speed for the production of CMCase were 3.45 g/L and 893.1 U/mL. However, the cell growth of E. coli KACC 91335P and its production of CMCase with shifts in the optimal condition of the aeration rate and agitation speed from the cell growth to its production of CMCase at 36 h were 5.27 g/L and 1,216.5 U/mL, respectively, as shown in Figure 5c . 
The optimal agitation speed of a 100 L pilot-scale bioreactor was calculated based on the optimal agitation speed of the 7 L bioreactor and the difference between diameters of impellers in 7 and 100 L bioreactors. The diameters of impellers with the same type in 7 and 100 L bioreactor were 6.0 and 16.6 cm. The impeller tip speed was an essential parameter when the agitating liquid contained solid particles [27] . The impeller tip speed at the agitation speeds of 416 and 500 rpm of a 7 L bioreactor were calculated to be 130.7 and 150.1 cm/s, respectively, which were almost the same as those at 150 and 180 rpm of a 100 L bioreactor. The optimal conditions of the aeration rates and agitation speeds of a 100 L bioreactor for the cell growth of E. coli KACC 91335P were decided to be 0.50 vvm and 180 rpm, respectively, whereas those for its production of CMCase were 0.95 vvm and 150 rpm. As shown in Figure 5a ,b, the cell growth of E. coli KACC 91335P and its production of CMCase for 96 h with a fixed optimal conditions of the aeration rate and agitation speed were 5.58 g/L and 784.2 U/mL, respectively, whereas those with a fixed optimal conditions of the aeration rate and agitation speed for the production of CMCase were 3.45 g/L and 893.1 U/mL. However, the cell growth of E. coli KACC 91335P and its production of CMCase with shifts in the optimal condition of the aeration rate and agitation speed from the cell growth to its production of CMCase at 36 h were 5.27 g/L and 1216.5 U/mL, respectively, as shown in Figure 5c . As shown in Table 2 , the growth rate constant (μ) values of a the fixed optimal conditions of the aeration rate and agitation speed for the cell growth and those for the production of CMCase were 0.059 and 0.044/h, respectively, whereas that with shifts in the optimal conditions of the aeration rate and agitation speed from the cell growth to its production of CMCase at 36 h, the mid-log phase of cell growth, was 0.052/h. However, μmax with shifts in the optimal conditions of the aeration rate and agitation speed during a specific time was higher than those without shifts. As shown in Figure  6 , the shifts in the optimal conditions of the aeration rate and agitation speed of the 100 L pilot-scale As shown in Table 2 , the growth rate constant (µ) values of a the fixed optimal conditions of the aeration rate and agitation speed for the cell growth and those for the production of CMCase were 0.059 and 0.044/h, respectively, whereas that with shifts in the optimal conditions of the aeration rate and agitation speed from the cell growth to its production of CMCase at 36 h, the mid-log phase of cell growth, was 0.052/h. However, µ max with shifts in the optimal conditions of the aeration rate and agitation speed during a specific time was higher than those without shifts. As shown in Figure 6 , the shifts in the optimal conditions of the aeration rate and agitation speed of the 100 L pilot-scale bioreactor from the cell growth to its production of CMCase at the mid-log phase resulted in a relatively more cells to participate in their production of CMCase, which in turn enhanced the production of CMCase. The production of CMCase by E. coli KACC 91335P in a 100 L bioreactor with shifts in the optimal conditions of the aeration rate and agitation speed from the cell growth to its production of CMCase at the mid-log phase was 1.36 times higher than that with a fixed optimal condition of the aeration rate and agitation speed for the production of CMCase and even 1.54 times higher than that with those for the cell growth. Dry cells weights (g/L) under the fixed optimal conditions of aeration rate and agitation speed for cell growth (•), under fixed optimal conditions of aeration rate and agitation speed for production of CMCase (○) and with shifts in optimal conditions of aeration rate and agitation speed from cell growth to production of CMCase at mid-log phase (▼).
Conclusions
In this study, the production of CMCase by E. coli KACC 91335P in a pilot-scale bioreactor was enhanced by shifting the optimal conditions of the aeration rate and agitation speed from the cell growth to its production of CMCase. The best time for shifts in the optimal conditions of the aeration rate and agitation speed was found to be 36 h, which was the mid-log phase of E. coli KACC 91335P. Shifts in the optimal conditions of the aeration rate and agitation speed of the bioreactor may comprise a simple and economical process to enhance the production of CMCase. Shifts in the optimal conditions of the aeration rate and agitation speed from the cell growth to its production of CMCase resulted in a relatively more cells for participating in its production, which in turn enhanced the production of CMCase. The process developed in this study needs only a bioreactor for the enhanced production of CMCase. In addition, this process is easy to control the aeration rate and agitation speed in a bioreactor and does not even need to transfer cells from a bioreactor to the Figure 6 . Comparison of (a) cell growth and (b) production of CMCase by E. coli KACC 91335P under the fixed optimal conditions of aeration rate and agitation speed for cell growth ( ), under fixed optimal conditions of aeration rate and agitation speed for production of CMCase ( ) and with shifts in optimal conditions of aeration rate and agitation speed from cell growth to production of CMCase at mid-log phase ( ).
During fermentation with the multistage bioreactors, the first bioreactor containing microorganisms in the growth phase was for the cell growth and the second bioreactor containing non-proliferating cells was for the production of metabolites [28] . The production of the arachidonic acid by M. alpina was increased by using continuous multistage fermentation with precise control of the agitation speed and aeration rate at proper times [29] . The multistage chemostat system may be beneficial for improving the genetic stability and production of metabolites [20, 30] . The advantages of the continuous fermentation with optimized process conditions are higher volumetric and long-term continuous productivity as well as reduced labor costs [31] . As a strategy of multistage continuous cultures for the higher production of CMCase, the first stage should involve the cell growth of E. coli KACC 91335P and the second stage should involve the production of CMCase. However, the set-up and maintenance of continuous fermentations, including continuous multistage systems, are more difficult than those for batch fermentations. Significant volumes of medium, including products, may be lost when contamination occurs during continuous multistage fermentation [32] . Moreover, the cost for constructing continuous fermentation equipment with multistage bioreactors is more expensive than that for the batch fermentation. The CMCase produced by E. coli KACC 91335P was the mixed-growth-associated product. Without the multistage continuous system, the production of CMCase by E. coli KACC 91335P in the batch system of a 100 L pilot-scale bioreactor was enhanced with shits in optimal conditions of the aeration rate and agitation speed at the mid-log phase.
In this study, the production of CMCase by E. coli KACC 91335P in a pilot-scale bioreactor was enhanced by shifting the optimal conditions of the aeration rate and agitation speed from the cell growth to its production of CMCase. The best time for shifts in the optimal conditions of the aeration rate and agitation speed was found to be 36 h, which was the mid-log phase of E. coli KACC 91335P. Shifts in the optimal conditions of the aeration rate and agitation speed of the bioreactor may comprise a simple and economical process to enhance the production of CMCase. Shifts in the optimal conditions of the aeration rate and agitation speed from the cell growth to its production of CMCase resulted in a relatively more cells for participating in its production, which in turn enhanced the production of CMCase. The process developed in this study needs only a bioreactor for the enhanced production of CMCase. In addition, this process is easy to control the aeration rate and agitation speed in a bioreactor and does not even need to transfer cells from a bioreactor to the other bioreactor. Rice bran was used as a substrate in the production of CMCase by E. coli KACC 91335P, thus the process developed in this study seemed to overcome a major constraint in the enzymatic hydrolysis of lignocellulosic agricultural-byproducts in the preparation of substrates for the production of bioethanol. The simple and economical process developed on the pilot-scale in this study can be applied for the industrial-scaled productions of mixed-growth-associated products. Funding: This study in the article was financially supported by the Dong-A University Research Fund. The authors gratefully acknowledge this support.
